We examined the effects of low-dose bromocriptine, a D 2 dopamine receptor agonist, on processes thought to be subserved by the prefrontal cortex, including working memory and executive function, in individuals with traumatic brain injury. A group of 24 subjects was tested using a double-blind, placebo-controlled crossover trial, counterbalanced for order. Bromocriptine was found to improve performance on some tasks thought to be subserved by prefrontal function, but not others. Specifically, there was improvement in performance on
Introduction
Executive function is a loosely defined term that is meant to capture a wide range of cognitive abilities such as planning, set-shifting, sustaining and dividing attention, organization and goal-integration. Numerous clinical neuropsychological measures, such as the Wisconsin Card Sorting Test and the Stroop Test (Lezak, 1995) , have been designed to tap this function, and patients with lesions of the prefrontal cortex are often impaired on these measures relative to patients with posterior lesions (e.g. Milner, 1963; Vendrell et al., 1995) . Also, some of the neuropsychological measures which have been adapted for study during PET scanning have demonstrated activation of the prefrontal cortex during performance by normal subjects (e.g. Bench et al., 1993; Berman et al., 1995) . Such empirical evidence has provided a link between executive processes and prefrontal function.
More recently, investigators have sought to define the cognitive processes that may be subserved by the prefrontal cortex more specifically. One such process is working memory, which refers to the short-term storage of information that is not accessible in the environment, and the set of processes that keep this information active for later use in
© Oxford University Press 1998
clinical measures of executive function and in dual-task performance, but not measures that tap the ability to maintain information in working memory without significant executive demands. Also, on control tasks not thought to be dependent on the prefrontal cortex, no improvement on bromocriptine was noted. These results demonstrate a selective effect of bromocriptine on cognitive processes which involve executive control, and provide a foundation for potential therapies for patients with prefrontal damage causing dysexecutive syndromes.
behaviour. Baddeley (1992) has proposed a multicomponent model of working memory. One component of this model, the 'central executive system', analogous to Shallice's 'supervisory attentional system' (Shallice, 1982) , is thought to regulate the allocation of limited attentional resources and to co-ordinate the manipulation of the information required in complex or novel tasks. Dual-task paradigms, which are thought to tap these systems, have been demonstrated to be more impaired in patients with focal frontal lesions (Baddeley et al., 1997) , as well as frontal lesions secondary to traumatic brain injury (TBI) (Hartman et al., 1992; Cicerone, 1996; McDowell et al., 1997) . Also, a functional MRI study in normal subjects during dual-task performance showed activation of the prefrontal cortex (D'Esposito et al., 1995) .
Recently, Kimberg and Farah (1993) have demonstrated that impairments on a wide range of clinical executive measures thought to tap prefrontal function can be explained in a computational model by weakening associations in working memory without relying on a unique 'central executive'. The neural correlates of working memory have been extensively studied in monkeys and humans using delayed response tasks. It has been found that lesions to the lateral prefrontal cortex impair performance on these tasks (Funahashi et al., 1993; Verin et al., 1993) , and the prefrontal cortex is activated specifically during the delay period of these tasks (Fuster and Alexander, 1971; Funahashi et al., 1989; Jonides et al., 1993; Zarahn et al., 1996) . Dopamine seems to be an important neurotransmitter for prefrontal function. Non-human primate studies have demonstrated that there are increased concentrations of dopamine, dopamine receptors and dopamine-containing terminals in the lateral prefrontal cortex . Converging evidence suggests that neurochemical alterations in the dopaminergic neurotransmitter system can cause frontal lobe dysfunction. Non-human primate studies have demonstrated that dopamine depletion (Sawaguchi and Goldman-Rakic, 1991) and pharmacological dopamine blockade (Brozoski et al., 1979) , in addition to focal damage to the striatum (Divac et al., 1967) , cause difficulty with spatial working memory tasks. Ageing, which decreases D 2 dopamine receptor levels in the prefrontal cortex (Wong et al., 1984; de Keyser et al., 1990; Rinne et al., 1990) has also been reported to impair spatial working memory in monkeys (Arnsten et al., 1995) . In humans, patients with Parkinson's disease, who have dopamine depletion from degeneration of the nigrostriatal pathway, exhibit cognitive deficits attributable to prefrontal dysfunction (e.g. Taylor et al., 1986) .
Thus, the goal of this study was to investigate further the link between dopamine and cognitive processes thought to depend on prefrontal function. Based on the cognitive models summarized above, we investigated the effects of a dopaminergic agonist, bromocriptine, on (i) working memory measures, (ii) clinical measures of executive function and (iii) measures not thought to tap prefrontal function. We chose patients with TBI, who we have previously demonstrated to have working memory and executive impairments (McDowell et al., 1997) . These deficits are likely to be due to frontal lobe contusions (Adams et al., 1980) and diffuse axonal injury that disrupts dopaminergic inputs to the prefrontal cortex and neural connections between the prefrontal cortex and other areas of the brain (Adams et al., 1982) . Based on the work in non-human primates, it was expected that performance on measures thought to depend on prefrontal function would improve on bromocriptine.
Method Subjects
We measured the cognitive effects of bromocriptine in 24 subjects (20 men, four women) who had TBI causing concussion with loss of consciousness (Glasgow Coma Scale Ͻ 8) more than 4 weeks prior to testing. The subjects' median age was 32.5 years (range 15-55, with the exception of one 73-year-old patient) and mean duration of education was 13 years (range 9-18). Subjects were excluded for dementia (Mini-Mental Status Exam score Ͻ 26), deficits in oculomotor, uncorrected acuity or visual field, as noted on medical records or by brief bedside examination, a major mental illness, uncontrolled high blood pressure, pregnancy, or current use of centrally acting medications. Based on neuroimaging studies that were available to us, 18 out of 22 patients had evidence of frontal injury. We did not have any radiology reports for two subjects, although one was noted to have facial and orbital fractures. Table 1 gives more clinical and demographic details of our subjects. Twenty-one of the subjects in this study were also participants in a previously reported study not involving pharmacological treatment (McDowell et al., 1997) . The protocol described here was approved by the University of Pennsylvania IRB; all subjects gave informed consent prior to participation.
Experimental procedure
After a practice session which was used to familiarize subjects with the tasks, and reduce the effects of practice during the actual test sessions, each subject was tested twice, once on 2.5 mg bromocriptine and once on a placebo, in a randomized, double-blind crossover design counterbalanced for the order of drug administration. Testing was scheduled to occur 90 min after oral pill administration, since the range of peak effectiveness for bromocriptine was estimated from previous studies (Durso et al., 1982; Luciana et al., 1992) to occur between 90 and 180 min after pill ingestion.
Cognitive tasks
All of the tasks used in this study were thought to depend on prefrontal cortex function. Specifically, tasks were chosen to probe different aspects of prefrontal cortex function, including (i) the process of maintenance of information in working memory buffers and (ii) executive control processes, which were examined with an experimental measure as well as commonly used clinical measures. We also included the bi-letter cancellation task, a control task which was used to test non-specific arousal, attention and motor processes (Luciana et al., 1992; Lezak, 1995) and should not depend on the prefrontal cortex. Except for the trailmaking test, a controlled oral word-association test (FAS Test) and the control task, all tasks were performed on a portable computer. The order of the tests was fixed in the order in which they are described below. Not all subjects completed all tests, because of time constraints and the desire of one patient to discontinue the testing for social reasons; for these patients two lengthy and often frustrating tests were omitted (the Verbal Span and Wisconsin Card Sorting Test).
Dual-task paradigm
Subjects performed a simple visual reaction time task and then performed it concurrently with each of two other tasks. In the primary task, subjects responded with a keypress to a B ϭ black; CC ϭ confused and combative; DC ϭ decerebrate; GCS ϭ Glasgow coma scale; GSW ϭ gunshot wound; H ϭ hispanic mixed race; L ϭ left; MVA ϭ motor vehicle accident; R ϭ right; SAH ϭ subarachnoid haemorrhage; SDH ϭ subdural haemorrhage; UC ϭ unconscious; W ϭ white. *GCS score at 3 days.
target on the computer screen. The target appeared following one of four possible interval delays after the previous response, each used randomly 25% of the time (0.5, 1.0, 1.5 and 2.0 s). The target was a sharply demarcated black dot which appeared in one of 16 dot positions in random order, with location counterbalanced. The dot remained on the screen until the subject responded. Performance was measured as the mean reaction time across 64 trials. One secondary task required the subject to count aloud from one to 10 repeatedly, at a self-selected rate. The other secondary task was an oral digit span task, using the subject's own digit span to calibrate difficulty across subjects. This was determined to be the largest digit span which the subject was able to perform correctly three times consecutively, without failing three times consecutively.
Stroop Test
Subjects were required to perform two tasks: naming the colours of rectangles and naming the ink colours in which different colour names were printed (Stroop, 1935) . For the latter task the colour names and the ink colours were always in conflict. Performance was defined as the time required to complete each form of the Stroop Test.
Spatial delayed-response task
A delayed-response spatial location task similar to that developed by Funahashi et al. (1989) and used by Luciana et al. (1992) was used. Subjects were required to recall the location of a black dot on a computer monitor after a brief delay. While the subject was observing a central fixation point, a visual stimulus appeared for 0.2 s at a peripheral location on an imaginary circle on the screen. This stimulus was presented within 10°of the fixation point (to avoid the subject's blind spot), excluding locations of 0, 90, 180 and 270°(to avoid referencing to the exact vertical and horizontal). After the presentation of the stimulus the screen was blank for 8 s, after which there was an auditory tone which prompted the subject to identify the location of the stimulus by touching a point on the screen. This location was marked by movement of the cursor. Performance was defined as the mean distance in pixels between the stimulus and the response over the 40 trials.
Wisconsin Card Sorting Test
Subjects performed a modified version of the Wisconsin Card Sorting Test (Nelson, 1976) . Subjects were asked to sort cards into different preset categories, which changed throughout the test, using only a 'right' or 'wrong' feedback after each card placement. The sequence of categories was always the same: colour, then shape, then number. The category was changed after six correct consecutive trials. The cards used were only those 24 (repeated continuously) that shared no more than one attribute with any given card, following Nelson's variation, so that each card placement could be interpreted unambiguously. Subjects continued until they had either achieved six categories or placed 48 cards. Performance was measured as the number of perseverations (cards placed in the same wrong category as an immediately preceding incorrect response).
Verbal span task
Verbal span was assessed using a reading span test (Daneman and Carpenter, 1980) , in which subjects read through a series of sentences which increased from two to five sentences, remembering the last word in each sentence.
Trailmaking test
Subjects were timed while drawing a line joining consecutive circles randomly arranged on a page. Two different sequences were used, sequential numbers only (Trails A) and sequential numbers and letters, which the subject had to connect in an alternating pattern (Trails B). Errors were pointed out as they occurred, according to Reitan's method (Lezak, 1995) , so that the patient could always complete the test. This method penalizes for errors indirectly through increased time requirement, and the scoring is based on time alone.
Controlled oral word association test (FAS Test)
Subjects named all the words they could that began with a given letter of the alphabet in three 1-min trials (Lezak, 1995) . The testing used two sets of letters, one for each testing session, which were balanced for frequency (F, A and S for the first set, and C, L and T for the second set).
Control tasks
Subjects performed a bi-letter cancellation test, similar to that used by Luciana et al. (1992) , in which they read through six rows of letters and crossed out all of the Es and Cs. Performance was measured as the time required to complete this task and the number of errors made. In addition, several of our tasks had baseline conditions (simple visual reaction time alone for the dual-task paradigm, colour-naming control task for the Stroop Test and trailmaking A time for the trailmaking test) which should also assess basic arousal and speed of perceptual registration, cognitive processing and motor response. For the purpose of evaluating the effect of dopamine manipulation on cognitive function, we grouped the tasks according to different component processes that may be subserved by the prefrontal cortex. Thus, our tasks were grouped into (i) those that tapped the ability to maintain information in working memory buffers (verbal span task and spatial delayed-response task) and (ii) those that tapped executive control processes (dual-task paradigm, Stroop Test, trailmaking test, Wisconsin Card Sorting Test and the FAS Test). Finally, a third group of tasks were those not considered to be dependent on prefrontal cortex function (single-task conditions from the dual-task paradigm, the Stroop control condition, the trailmaking A condition and the bi-letter cancellation test).
Data analysis
Overall comparisons of performance on and off bromocriptine were done with three repeated measures MANOVA for the groups of cognitive tasks described above, with drug condition and specific individual test measures as within-subject factors and drug order as a between-subject factor. These statistical tests were performed with ranked data since raw data violated the assumptions of univariate and multivariate homogeneity of variance (Akritas, 1991) . Data were ranked separately for each task across both drug conditions. Bonferroni correction of three MANOVAs leads to a conservative alpha level of 0.0167. We used Koch's (1972) adaptation of the MannWhitney U statistic (which allows for potential period effects and non-parametric data) to perform post hoc testing of the effect of bromocriptine on specific tests, because the data were not normally distributed. Koch's procedure consists of ranking the period differences for all of the patients in the trial and then using the Mann-Whitney U test for the differences between the two sequence groups. The use of a test which specifically examines period effects ensures that significant differences are not attributable to anything that may cause a general change between test sessions, such as practice effects or drug carryover effects. For those tasks which had more than one condition (dualtask, Stroop and trailmaking), performance was characterized with respect to two broad dimensions: baseline task performance and decrement on the second condition compared with baseline. Performance on each of these tasks was measured by response time; the performance decrement was therefore calculated as the difference between speeds on the secondary and the corresponding baseline tasks (Table 2) , and these decrement scores were used in the MANOVAs and post hoc testing. Simple differences were an appropriate calculation since the performance decrement had been found to be unrelated to baseline speed in control subjects in a previous study (McDowell et al., 1997) . Speeds were characterized by mean performance times, which are sensitive to variable and outlier data that reflect inconsistent performance after TBI.
Results

Overall behavioural performance compared with controls
A previous study which compared cognitive performance on most of the same measures between TBI patients and demographically matched control subjects showed significant impairment in cognitive performance after TBI using a multivariate statistical analysis (McDowell et al., 1997) . Post hoc comparisons of individual tests showed that individuals with TBI had impaired cognitive function as measured by all of the tests but the Wisconsin Card Sorting Test, after Bonferroni correction for multiple statistical testing. Since that study included 21 of the 24 TBI patients in this study, and the mean performance data are similar or slightly worse in this study, the performance impairment in TBI patients remains ( Table 2) .
Tests of executive control
The effect of bromocriptine on performance for these cognitive tests was examined with a repeated measures MANOVA (Fig. 1 ). There was a large drug condition effect [F(1,13) ϭ 10.033, P ϭ 0.007], but no significant order effect [F(1,13) ϭ 0.107, P ϭ 0.749] and no significant Drug ϫ Order interactions [F(1,13) ϭ 4.673, P ϭ 0.050]. However, the Drug ϫ Test interaction was significant [F(5, 65) ϭ 3.921, P ϭ 0.014], showing that performance on certain measures was more significantly improved by bromocriptine than on others. In fact, the effect size of the differences ranged from 0.34 for the Stroop Test to 0.71 for the trailmaking test. Post hoc univariate analyses confirmed a beneficial effect of bromocriptine on the dual-task, the trailmaking test, the Stroop Test, the Wisconsin Card-Sorting Test and the FAS Test (Table 2 ). The average performance improvement in these executive control tests was just Ͼ25%.
Tests of working memory maintenance
The effect of bromocriptine on the performance of tasks which seem to require only the maintenance of information without any active manipulation of stored information was Fig. 1 Effect of bromocriptine on different tasks. For each task, this chart shows the effect size of the performance change with bromocriptine [mean of (drug -placebo)/standard deviation of (drug -placebo)], a positive value indicating improved performance on the drug. Effect size was used only for graphical purposes to allow a comparison of many different tasks on the same scale. Since most measures are time-related, where greater values indicate worse performance, the difference was calculated as the placebo measurement minus the drug measurement, although this difference was reversed (drug measurement minus placebo measurement) for the FAS Test and the spatial delayed-response task, for which greater values indicate better performance, to maintain consistency of direction with the other measures on this chart. For this graph, upward bars indicate drug benefit. For tasks with more than one level the corresponding decrement scores were subtracted. RT ϭ reaction time; WCS ϭ Wisconsin Card Sorting Test. assessed similarly to the tests above (Fig. 1) . Bromocriptine had no significant effect on these tasks [F(1,15) ϭ 0.001, P ϭ 0.978], with no significant effects of order or Drug ϫ Order interaction. Individual test scores are shown in Table  2 , with a non-significant trend towards worse performance. Post hoc testing was not performed to reduce type I error, since the multivariate test was not significant.
Control tests
The impact of bromocriptine on the control task and baseline conditions of the other executive measures was assessed. Basic attentional and sensorimotor processes were not improved on bromocriptine (Fig. 1) . Statistical tests analogous to those performed above showed no significant main effect of the drug on these tests [F(1,14) ϭ 3.203, P ϭ 0.095], although there was a trend for performance to be worse on the medication. Neither was there any significant order effect or DrugϫOrder interaction. Individual test scores are shown in the table. Again, post hoc testing was not performed.
Speed-accuracy assessment
Performance on some tasks (the bi-letter cancellation test, the Stroop Test and the dual task with concurrent digit span) can be measured by both time and accuracy, and both could be affected by the medication. To make certain that the beneficial effect of bromocriptine on speed for these tasks was not due to speed-accuracy trade-off, the effect of medication on task accuracy was also assessed with the Wilcoxon signed rank test. Accuracy was not significantly affected by bromocriptine for any of these tasks (Z ϭ -1.23 to -1.85, P ϭ 0.065-0.22), and the non-significant changes in function that did occur with bromocriptine were also in the direction of improvement.
Discussion
The pattern that emerges from the data is that bromocriptine, a dopaminergic agonist, generally improved performance in individuals with TBI on tasks thought to engage executive processes (i.e. the dual task, the trailmaking test, the Stroop Test, verbal fluency and the Wisconsin Card Sorting Test). However, performance did not improve on the baseline condition of several of our executive measures (i.e. dual task, trailmaking test and Stroop Test), working memory measures with minimal executive demands (i.e. verbal span and delayed response task), or the control task. This differential effect of bromocriptine suggests that its action is not mediated through a non-specific increase in arousal, attention or response speed, but probably through improvement in specific cognitive processes.
A lack of improvement on our control measures may be somewhat surprising, because dopaminergic agents have been used to improve general arousal and attention in individuals with brain damage (Van Woerkom et al., 1982; Lal et al., 1988) . Reports of this effect, however, are mostly case reports, not controlled studies; also they used higher medication doses and did not strictly measure arousal to distinguish it from other cognitive processes. In other words, the reported improvement in arousal and attention may actually be related to an improvement in prefrontal function, which is less easily defined and not often measured. Dopamine agonists have also been used to improve motor speed in patients with Parkinson's disease (Godwin-Austen and Smith, 1977), but they did not have that effect here, as demonstrated by a lack of improvement in speed-related measures not dependent on executive function (i.e. the bi-letter cancellation task and control tasks of the Stroop, trailmaking and dual-task paradigms). This disparity may be explained by a differential dose effect, because Parkinson's disease patients are usually treated with substantially higher doses of dopamine agonists than those used in the present study, and their motor slowing may be of a different type than that seen in TBI.
Since this differential behavioural effect on prefrontal function was unexpected, alternative explanations should be considered. For example, these results could be due to differences in the interval after drug administration that each of the tasks were given. However, this is unlikely for several reasons. First, the half-life of bromocriptine, which is~3-7 h, is longer than the time it took to complete our complete battery of tasks. Secondly, tasks that showed a drug effect were intermixed in time with those that did not. Finally, our statistical analysis accounted for the possibility of any significant differences between the drug and placebo being due to general changes between test sessions, such as practice effects or drug carryover effects. Another possible explanation for our results is that the tasks that did not show improvement on bromocriptine were less sensitive in the detection of differences. Again, this is unlikely, since the range of performance on these tasks by patients was quite broad. For example, on the spatial delayed response task, difference scores between sessions ranged from an improvement in spatial error of 22.7 pixels to a decrement of 12.8 pixels (raw data ranged from 8.8 to 68.4 pixels). Likewise, the verbal span test difference scores ranged from an improvement of six correct words to a decrement of 10 words (raw data ranged from 16 to 52 words recalled). Related to this issue, it is possible that our patients were more impaired on those tasks that responded to bromocriptine than on tasks that did not respond to bromocriptine. Such a task-difficulty explanation seems unlikely since our subjects were impaired, relative to control subjects, on all of the tasks we administered except for the Wisconsin Card Sorting Test, and even this task showed improvement with bromocriptine.
Although it has been predicted from non-human primate studies that tasks that require the ability to maintain information in working memory, such as delayed-response paradigms, should be modulated by dopamine (Brozoski et al., 1979; Sawaguchi and Goldman-Rakic, 1991) , the evidence from humans is less clear. Two studies from the same laboratory have shown that performance on a spatial delayed-response task in normal subjects, similar to that used in non-human primates and identical to the task used in our study, is improved on bromocriptine (Luciana et al., 1992; Luciana and Collins, 1997) . However, in our own previous study with a group of normal subjects (Kimberg et al., 1997) , and in the current study with frontally damaged patients, we did not find improvements on this spatial delayed-response task or a verbal span measure. Similarly, a preliminary study from another group did not find improvement on a delayedresponse paradigm with bromocriptine, but they did find improvement with pergolide, an agonist of D 1 and D 2 receptors (Müller et al., 1998) .
Although the literature is slightly conflicting regarding the role of dopamine in maintenance processes, we believe that bromocriptine has a greater effect on tasks that require executive control for successful performance. This suggests that executive control processes and maintenance processes may be supported by distinct neuroanatomical or neurochemical substrates. Petrides and colleagues have proposed a model of functional organization of the prefrontal cortex that would be consistent with this hypothesis (Petrides, 1994) . According to their 'two-stage model', there are two processing systems, one dorsal and the other ventral, within the lateral prefrontal cortex. It is proposed that the ventral region is the site where information is initially received from posterior association areas and where active comparisons of information held in working memory are made. In contrast, the dorsal region is recruited only when monitoring and manipulation within working memory is required. Consistent with this model is the demonstration that dorsal prefrontal regions are activated during spatial memory tasks that have maximal monitoring requirements compared with a spatial memory task with minimal monitoring requirements, which activated only a ventral frontal region (Owen et al., 1996) . Furthermore, a meta-analysis of all functional neuroimaging studies of working memory reported to date also supports this type of prefrontal organization (D'Esposito et al., 1998a) as does a direct empirical functional MRI test of this hypothesis (D'Esposito et al., 1998b) .
Although there are no other empirical data suggesting that a neurochemical dissociation exists along the lines mentioned above, there is evidence that Parkinson's disease patients, who are dopamine-depleted, are impaired differentially on different components of working memory. For example, Parkinson's disease patients in the early stages of disease are impaired on spatial and not object working memory tasks, suggesting that these different processes have different sensitivities to dopamine depletion (Owen et al., 1997; Postle et al., 1997) . Consistent with these findings is the demonstration in this study that, in normal subjects, bromocriptine administration improved performance on a spatial but not an object working memory task. Moreover, haloperidol, a dopaminergic antagonist, impaired performance on only the spatial task (Luciana and Collins, 1997) . More pertinent to our findings, Parkinson's disease patients that have been studied off and on their medications show differential impairments on prefrontal tasks comparable with those used in our study. For example, Parkinson's disease patients on their dopaminergic medication (compared with off it) have been shown to perform better on a wide range of executive function tasks, such as the Wisconsin Card Sorting Task, a verbal fluency task and the Tower of London task (Bowen et al., 1975; Cooper et al., 1992; Lange et al., 1992 Lange et al., , 1995 . In one study, whilst on their medication Parkinson's disease patients were better on executive measures, whereas no difference was found on a verbal and spatial short-term span test (Lange et al., 1995) .
The neural basis of the improvement on prefrontal tasks in our patients is not entirely clear. Although most of the primate studies link prefrontal function to D 1 receptor activity, bromocriptine is a D 2 agonist. That is, monkeys improve on spatial working memory tasks when administered D 1 agonists (Arnsten et al., 1994) and are impaired when given D 1 antagonists (Sawaguchi and Goldman-Rakic, 1991; Arnsten et al., 1994) . However, a recent study from the same laboratory is conflicting and difficult to interpret-the prefrontal cortex neurons in monkeys demonstrated increased activity during spatial working memory tasks with iontophoretic infusion of a D 1 antagonist (Williams and Goldman-Rakic, 1995) . Very low doses of bromocriptine have some D 1 antagonist activity (Goetz and Diederich, 1992) , and this D 1 antagonism could be responsible for the improvement seen on spatial delayed-response paradigms in humans (Luciana and Collins, 1997) . This effect may be separate from the D 2 agonist effects of bromocriptine. The presence of D 2 receptors in the human cortex is not well established, because very low levels of dopamine in the cortex preclude accurate biochemical analysis. Some studies, though, have shown stratification of D 2 receptors to layer V of the prefrontal cortex (Goldman-Rakic et al., 1990) . However, most D 2 receptors are in the striatum (Camps et al., 1989) . Finally, a recent study from Goldman-Rakic's laboratory shows that a D 2 agonist can improve spatial delayed-response task performance in monkeys (Arnsten et al., 1995) . Further testing showed this effect to be mediated by interactions between D 1 and D 2 receptors. Therefore, the effects of bromocriptine on our subjects could be the result of direct prefrontal D 2 receptor activity, or of the activity of striatal D 2 receptors, which in turn activate the prefrontal cortex through mesocortical dopaminergic loops. Nevertheless, the relationship between dopamine and prefrontal function, as demonstrated in human pharmacological studies and Parkinson's disease studies, seems strong.
In summary, our empirical findings have shown that dopamine appears to modulate executive processes which are impaired after damage to the prefrontal cortex. This finding is consistent with a similar study performed in our laboratory studying the effects of bromocriptine in normal young adults (Kimberg et al., 1997) . In that study it was shown that the effect of bromocriptine depended upon the working memory capacity of the individual. That is, bromocriptine was shown to improve performance on prefrontal measures in subjects who had lower working memory capacity, whereas it impaired performance in subjects with higher working memory capacity. Our TBI patients all had low working memory capacity, and as a group they consistently improved on bromocriptine. Taken together, these two studies highlight the spectrum of dopamine function that exists between normal control subjects and patients with brain damage, and its link with cognitive processes dependent on the prefrontal cortex.
Although individuals with frontal lobe pathology can perform well on standard neuropsychological tests, they often exhibit significant functional difficulties (Eslinger and Damasio, 1985; Shallice and Burgess, 1991) . These practical difficulties, which seem to be caused by deficits in organization, planning and goal integration, are probably due to impairments in the processes that improved on bromocriptine in our study. Since incomplete recovery of prefrontal function prevents full reintegration into society, the development of more effective treatment approaches for these patients, such as pharmacological intervention, will be an extremely important component of their care. Thus, our findings provide a foundation for potential therapies that may not only improve executive function in patients with prefrontal damage, but also decrease the disability associated with these cognitive impairments.
